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Abstract:



In this review, the fundamental aspects (with particular focus to the microscopic thermodynamics and kinetics mechanisms) concerning the fabrication of graphene-metal nanoparticles composites are discussed. In particular, the attention is devoted to those fabrication methods involving vapor-phase depositions of metals on/in graphene-based materials. Graphene-metal nanoparticles composites are, nowadays, widely investigated both from a basic scientific and from several technological point of views. In fact, these graphene-based systems present wide-range tunable and functional electrical, optical, and mechanical properties which can be exploited for the design and production of innovative and high-efficiency devices. This research field is, so, a wide and multidisciplinary section in the nanotechnology field of study. So, this review aims to discuss, in a synthetic and systematic framework, the basic microscopic mechanisms and processes involved in metal nanoparticles formation on graphene sheets by physical vapor deposition methods and on their evolution by post-deposition processes. This is made by putting at the basis of the discussions some specific examples to draw insights on the common general physical and chemical properties and parameters involved in the synergistic interaction processes between graphene and metals.
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1. Introduction: Metal-Based Graphene Nanocomposites in the Nanotechnology Revolution


Free-standing graphene, also known as one layer graphite, was firstly obtained in 2004 [1,2]. Then, the scientific and technological research has seen an exceptional continuing grow of the interest in graphene and graphene-based materials since the properties of these materials can drastically revolutionize the modern-day technology. Graphene, in fact, presents several disruptive properties as compared to the standard semiconducting materials which were, until now, at the basis of the technological development. As examples, graphene is characterized by extraordinary carrier mobility (200,000 cm2 V−1 s−1 [3]), thermal conductivity (~5000 Wm−1 K−1 [4,5,6]), white light transmittance (~97.3% [7]), and specific surface area (~2630 m2 g−1 [8]). These properties make graphene the key material in the current nanotechnology revolution and the ideal material for the fabrication of functional devices finding applications in electronics, energy generation and storage (batteries, fuel cells and solar cells), plasmonics, sensors, supercapacitors and other nano-devices [1,2,9,10,11,12,13,14,15,16]. In view of such applications, the synergistic interaction of graphene with other nano-sized materials can offer the pathway to produce novel graphene-based composites with artificial and tunable properties arising from the exotic combination of the properties of the single materials forming the composites [17,18,19,20,21,22,23,24,25,26,27,28,29,30]. Recently, various materials (polymers [17,18,19,20,21], carbon nanotubes [17,18,19,22], semiconducting materials [17,18,19,23], insulating materials [17,18,19,24,25,26,27,28,29,30], etc.) have been used to produce graphene-based composites. As specific examples: (1) graphene has drawn a great attention as a filler material in polymer nanocomposites due to its very low resistivity, thermal stability, and superior mechanical strength. In addition, it presents very high dispersibility in many polymers even it can show synergistic properties with polymer matrices [17]. The resulting flexible nanocomposites can show enhanced electrical, thermal and mechanical properties with respect to the pure polymeric matrix and these properties can be successful exploited for renewable energy sources applications (supercapacitors, polymer based solar cells, etc.); (2) graphene combined with TiO2, ZnO, Fe3O4, MnO2, SiO2 micro- and nano-structures can be used in photocatalysis, photovoltaics, optoelectronics, supercapacitor, Li ion battery and magnetic drug carrier applications [17,18,19]. Nowadays, the range of graphene-based nanocomposites is extremely wide: a multitude of organic and inorganic materials are, currently, used in combination to graphene and the physical and chemical properties of the resulting composites are studied in view of cutting-edge applications. In particular, the framework regarding graphene-metal nanoparticles (NPs) composites acquired a great relevance [17,18,19,31,32,33,34,35,36,37,38,39,40,41,42,43]. Systems fabricated by anchoring Au, Ag, Pd, Pt, Ni, Cu, and more other NPs on graphene sheets are, today, largely studied due to the broad range of application exploiting the specific optical, electrical, mechanical, magnetic properties arising from the microscopic interactions between the NPs and the graphene. Depending on the nature of the metal NPs, the graphene–metal NPs composites find applications in areas such as Surface Enhanced Raman Scattering (SERS), nanoelectronics, photovoltaics, catalysis, electrochemical sensing, hydrogen storage, etc. [17,18,19,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71].



In general, composites fabricated combining graphene and metal NPs attract great attention since they result versatile hybrid materials presenting unconventional properties arising from the atomic-scale mixing of the properties of graphene and NPs. In fact, in addition to graphene, metal NPs are another main character in the nanotechnology field of study. Due to electron confinement and surface effects metal NPs present size-dependent electrical, optical, mechanical properties different from the corresponding bulk counterparts and these properties are routinely exploited in plasmonic, sensing, electrical, catalytic applications [72,73,74]. The notable aspect is that these size-dependent properties of metal NPs can be coupled to the properties of graphene to obtain a composite artificial material presenting un-precedent characteristics and performances arising from the (controlled) mixing of the properties of the component elements. For example, nanocomposite materials obtained by metal NPs and thin metal nano-grained films deposited on graphene sheets were successful employed in transistors, optical and electrochemical sensors, solar cells, batteries [17,18,19,31,32,33,34,35,36,37,38,39,40,41,42,43].



A deep understanding and control of the electrical properties of metal/graphene interface is crucial for future applications of this material in electronics and optoelectronics. Current injection at the junction between a three dimensional metal contact and two-dimensional graphene with very different densities of states is an interesting physical problem. Furthermore, the specific contact resistance at the metal/graphene junction [75,76,77,78] currently represents one of the main limiting factors for the performances of lateral and vertical graphene transistors both on rigid and flexible substrates [79,80,81,82,83,84,85]. Several solutions have been investigated to minimize this resistive contribution [86,87,88].



In this context, the key point of study is the interaction occurring at the graphene-metal interface [89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113]. In fact, for example, the electronic properties of graphene are dramatically influenced by interaction with metallic atoms [101,102,103,104]. So, this interaction crucially affects the electronic transport properties of graphene based transistors [105,106,107,108,109,110,111,112,113]. In this context, the detailed description and comprehension of the metal-graphene interactions is the key step toward the control of processes and properties of the graphene-metal NPs composite materials and, so, to develop effective applications [59]. The graphene–metal NPs composites can be prepared by several methods such as chemical reduction, photochemical synthesis, microwave assisted synthesis, electroless metallization, and physical vapor deposition processes [17,18,19]. In particular, this paper reviews the basic aspects of physical vapor based synthesis methods of graphene-metal NPs composites. Physical vapor deposition processes, such as thermal evaporation or sputtering, are traditional methods to produce metal NPs and films on substrates [114,115,116,117,118,119,120,121,122]. These methods are acquiring large interest for the production of metal NPs-graphene composites with specific physico-chemical properties exploitable in specific applications (SERS, catalysis, nanoelectronics) [54,55,56,57,58,59,60,61,62,63,64,65,66,67]. In fact, they are simple, versatile and high-throughput and the general microscopic thermodynamics and kinetics mechanisms involved in the nucleation and growth processes of atoms on surfaces are well-known. In this sense, physical vapor deposition processes are a convenient way of depositing a range of metallic materials onto graphene sheets. Atoms deposited on a substrate undergo competing kinetic and thermodynamic processes which establish the final NPs or film structure [114,115,116]. The adsorbed atoms (or adatoms) transport process involves random hopping phenomena on the surface dictated by the surface diffusivity D (which determines the diffusion length) obeying an Arrhenius law [114,115,116]. So, these adatoms, randomly diffuse across the substrate surface until they can join together forming a nucleus or they can stop at some particular surface defect or they can re-evaporate from the surface. This situation is largely influenced by the adatom-substrate interaction and process parameters (substrate temperature, arrival flux, etc.). Materials deposited by physical vapor processes can adopt a variety of morphologies which are tunable by the control of the deposition process parameters. In addition, post-deposition processes can allow a further control of the NPs or films morphology ad structure by inducing further specific thermodynamics and kinetics driven self-organization phenomena. It is evident, so, the key importance assumed by the understanding of the growth kinetics of the metal NPs and films on graphene sheets to infer how the interaction with the graphene and the process parameters influences the metal film morphology and, as a consequence, the overall nanocomposite properties.



On the basis of these considerations, the review is organized as follows:



The first part (Section 2) is devoted to adsorption and diffusion of metal atoms on/in graphene and on the influence of these parameters on the metal NPs nucleation and growth processes. This section describes the fundamental microscopic thermodynamics and kinetics processes occurring during vapor-phase depositions (i.e., evaporation or sputtering) of metals on graphene sheets and resulting in the formation of metal NPs or films; particular attention is devoted to theoretical (Section 2.1) and experimental (Section 2.2) studies focused on the interaction, after adsorption, of metals atoms with graphene and on how this interaction influences the adatoms diffusivity and the final metal NPs structure and morphology. Critical discussions on the specific involved microscopic phenomena (adsorption, diffusion, nucleation, ripening, coalescence, etc.) and on the corresponding parameters (surface energies, diffusivity, activation energy, etc.) are presented.



The second part (Section 3) is devoted to the review of data concerning the production of metal NPs arrays on graphene exploiting the dewetting process of deposited metal films. The dewetting process of a metal film deposited on a substrate is the clustering phenomenon of the continuous metal layer driven by the lowering of the total surface free energy. Nowadays, the controlled dewetting of thin metal films on functional substrates is widely used as a low-cost, versatile, high-throughput strategy to produce array of metal NPs on surfaces for several applications such as in plasmonic and nanoelectronics [123,124,125,126,127,128,129,130]. Recently, this strategy was applied to thin metal films (such as Au, Ag) for the production of arrays of metal NPs on graphene which were, then, used, for example, in SERS applications [68,69,70,71]. We discuss the results of such a strategy pointing out the microscopic parameters involved in the dewetting process of metal films on graphene.



Section 4, shortly discuss some aspects related to the metal-graphene contacts to draw the general requirements for a metal contacts to be suitable to be efficiently used as an electrode to grapheme in nanoelectronics devices.



Finally, the last paragraph (Section 5) summarizes conclusions, open points and perspectives in the graphene-metal NPs composites field of study.




2. Adsorption and Diffusion of Metal Atoms on/in Graphene and Nanoparticles Nucleation and Growth


2.1. Adsorption and Diffusion of Metals Atoms on/in Graphene: Theoretical Results


2.1.1. General Considerations


Liu et al. [57,100] systematically studied metal adatoms adsorption on graphene by ab initio calculations, ranging from alkali metals, to sp-simple, transition, and noble metals. In these works, the main aim was the correlation between the adatom adsorption properties and the growth morphology of the metals on the graphene. The authors main finding lies in the fact that the metal growth morphology is determined by the Ea/Ec parameter (with Ea the adsorption energy of the metal on graphene and Ec the bulk metal cohesive energy) and by the ΔE parameter (i.e., the activation energy for the metal adatom diffusion on graphene). First of all, experimental data (as we will see in Section 2.2) show that different metals on graphene exhibit very different growth morphologies even if deposited in similar conditions and at similar coverage. For example, considering a single-layer graphene obtained by thermal annealing of SiC, a 0.8 ML deposition of Pb with the sample at 40 K, results in the formation of large crystalline Pb islands [100]; deposition of Fe, in the same conditions, results, instead, in continuous nucleation of large, medium, and small size islands [100]; further experimental data [65] concern deposition of metals on single-layer graphene grown on Ru(0001): Pt and Rh result in finely dispersed small clusters, Pd and Co in larger clusters at similar coverages. To complicate further the situation, for example, Gd atoms deposited on graphene/SiC at room temperature nucleate in two-dimensional islands of fractal morphology [100]. In general, therefore, even if the various metals follow a Volmer-Weber growth mode (three-dimensional growth without a wetting layer) on the graphene, a wide-range of morphology for metals nanostructures deposited on graphene are observed. Within this mess of data, Liu et al. [57,100] performed a systematic theoretical study to understand, quantitatively, the key parameters governing the metal clusters growth morphology during deposition. They start from the idea that the interaction of the metal atoms with free-standing graphene determines the specific adatoms diffusion mechanisms establishing, then, how the adatoms nucleate and growth. So, the authors, performed first-principles calculations based on the density functional theory to evaluate the interaction of the metals with graphene. Several results were inferred by these simulations which can be summarized as follows:



(a) The adsorption site of metal atom on graphene is the more energetically stable and it depends on the chemical nature of the atom. So, for Mg, Al, In, Mn, Fe, Co, Ni, Gd the adsorption site is the hexagonal center site in the graphene lattice, named the hollow site (H). The adsorption site for Cu, Pb, Au atoms is at the top of a carbon atom, named T site. The adsorption site for Ag, Cr, Pd, Pt atoms is at the middle of a carbon–carbon bond, named B site. The second column in Table 1 summarizes the results of Liu et al. [57,100] about the energetic stable sites in graphene for all the investigated atoms.



Table 1. Ea (adsorption energy of the metal atom on graphene, kcal/mol), ΔE (diffusion barrier of the metal adatom on graphene, kcal/mol), Ea/Ec (with Ec the bulk metal cohesive energy), and Ec−Ea (kcal/mol). Reproduced from Reference [100] with permission from the Royal Society of Chemistry.







	
Adatoms

	
Sites

	
Ea

	
ΔE

	
Ea/Ec

	
Ec−Ea






	
Li

	
H

	
24.77

	
7.33

	
0.659

	
12.82




	
Na

	
H

	
10.70

	
1.71

	
0.417

	
14.97




	
K

	
H

	
18.10

	
1.36

	
0.818

	
4.036




	
Mg

	
H

	
0.65

	
0.02

	
0.019

	
34.18




	
Ca

	
H

	
13.44

	
3.34

	
0.317

	
28.99




	
Al

	
H

	
22.41

	
2.58

	
0.287

	
55.70




	
In

	
H

	
15.15

	
1.68

	
0.261

	
42.90




	
Pb

	
T

	
5.28

	
0.09

	
0.113

	
41.47




	
V

	
H

	
25.44

	
4.77

	
0.208

	
96.86




	
Cr

	
B

	
4.34

	
0.14

	
0.046

	
90.22




	
Mn

	
H

	
3.04

	
0.60

	
0.045

	
64.30




	
Fe

	
H

	
19.65

	
9.32

	
0.199

	
79.08




	
Co

	
H

	
28.53

	
10.79

	
0.282

	
72.65




	
Ni

	
H

	
35.01

	
5.12

	
0.342

	
67.37




	
Pd

	
B

	
24.47

	
0.85

	
0.273

	
65.24




	
Pt

	
B

	
36.09

	
3.99

	
0.268

	
98.59




	
Cu

	
T

	
5.17

	
0.12

	
0.090

	
52.26




	
Ag

	
B

	
0.51

	
0.00

	
0.007

	
67.53




	
Au

	
T

	
2.08

	
0.14

	
0.024

	
85.79




	
Nd

	
H

	
43.31

	
8.16

	
0.552

	
35.15




	
Sm

	
H

	
40.15

	
7.52

	
0.814

	
9.20




	
Eu

	
H

	
20.85

	
3.14

	
0.486

	
22.05




	
Gd

	
H

	
37.17

	
5.28

	
0.389

	
58.39




	
Dy

	
H

	
33.94

	
2.88

	
0.484

	
36.19




	
Yb

	
H

	
7.40

	
3.37

	
0.201

	
29.43










(b) The results for the adsorption energy Ea of the atoms adsorbed on graphene are plotted in Figure 1a and listed in the third column of Table 1. The value of the adsorption energy ranges from less than 1.0 kcal/mol to 45.0 kcal/mol depending on the chemical nature of the atom. This value is an indication of the strength of the interaction between the adsorbed atom and graphene. For example, the interaction of Mg and Ag atoms with graphene is very weak since the corresponding adsorption energies are in the 0.5–0.6 kcal/mol range. On the contrary, the binding of Pd and Pt atoms on graphene is much stronger since the corresponding adsorption energies are 26.5 and 39.3 kcal/mol, respectively. On the other hand, in general, the adsorption energy of I–IV metals on graphene is intermediate, in the 6–27 kcal/mol.


Figure 1. (a) Adsorption energy (Ea) and (b) diffusion barrier (ΔE) for several adatoms on graphene as calculated by Liu et al. using density functional theory. Reproduced from Reference [100] with permission from the Royal Society of Chemistry.
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(c) The calculated values for diffusion barrier energies for several atoms on free-standing graphene are plotted in Figure 1b and listed in the fourth column of Table 1. In general, the following correlation between the adsorption energy and diffusion barrier energy exists: the diffusion barrier increases as a consequence of the increase of the adsorption energy (even if some exceptions are present as in the case of Ni and Pt).



(d) Liu et al. [100] calculated several other parameters related to the atoms-graphene interactions as summarized in the other columns of Table 1: Ea/Ec (metal adsorption energy on graphene to bulk metal cohesive energy and Ec−Ea.



In particular, the growth morphology of metals on graphene is connected to the Ea/Ec and ΔE parameters characterizing the metal atoms-graphene system. Figure 2 reports Ea/Ec for the analyzed atoms on graphene. So, the combination of ΔE (Figure 1b) and Ea/Ec (Figure 2) is claimed by Liu et al. [100] as the main reason establishing the growth morphology of the specific metal species on the free-standing graphene. From a general point of view, the occurring of the three-dimensional Volmer-Weber growth mode (i.e., growth of three-dimensional clusters typically almost spherical or semispherical directly on the substrate surface) is determined by the energetic condition Ec > Ea (i.e., (Ea/Ec) < 1): in fact, in this condition the bonding between the deposited atoms is higher than the bonding to the graphene.


Figure 2. Ratio of adsorption energy to bulk cohesive energy for various materials calculated by Liu et al. Reproduced from Reference [100] with permission from the Royal Society of Chemistry.
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However, ΔE establishes the adatoms hopping probability. So, it dictates the rate of the adatoms joining to the closest preformed metal cluster with respect to the rate of adatoms joining to other adatoms to form a new cluster. Therefore, ΔE establishes the surface density of the metal clusters on the graphene. For example, the small value of Ea/Ec for Fe on graphene establishes a standard three-dimensional Volmer-Weber growth mode for Fe clusters on graphene consistent with the experimental observations [100].



In addition, the diffusion barrier ΔE for Fe on graphene is high so that a high Fe clusters density is produced with respect, for example, the clusters density for Pb deposited on graphene. In fact, ΔE for Pb is lower than for Fe. As a consequence, the Pb adatoms diffuse faster than the Fe adatoms resulting in larger clusters but with a lower surface density. On the other hand, Gd has (Ea/Ec) but higher than that of Fe or Pb and a diffusion barrier intermediate between that of Fe and Pb. This results in fractal-like morphology of the Gd islands on graphene. A further observation concerns, for example, Dy and Eu: despite similar values of Ea/Ec and ΔE, their growth morphologies are different. Dy forms small three-dimensional clusters while Eu forms flat top crystalline islands with well-defined facets. Therefore, Liu et al. [100] suggest that other factors affect the growth morphology in addition to Ea/Ec ratio and ΔE and identify the main factor in specific characteristics of the adatom-adatom interaction. For example, the repulsive interaction between Dy adatoms, arising from a large electric dipole moment, is larger than Eu adatoms resulting in a higher effective barrier for diffusion.



We observe that these results can be regarded as a general rough guide in understand the growth morphology of metals on graphene. However, these results neglect some effects which are, instead, observed by experimental analyses such as the difference in the growth morphology of deposited metals by changing the substrate supporting the graphene layer (highlighting, so, an effect of the adatoms interaction with the substrate supporting the graphene) or by changing the number of graphene layer. The theoretical results by Liu et al. [57,100] are, in fact, obtained for free-standing single layer graphene sheets. As we will see in the next sections, some theoretical and experimental works studied the effect of supporting substrate on the adatoms-graphene interaction and its impact on the metals growth morphology.



Besides these general considerations, in the following subsections we focus our attention on the model Au-graphene system since it is, surely, the main studied system from a technological point of view due to its exceptional performances in technological devices ranging from sensors and biosensors to transistors and solar cells.




2.1.2. Mobility and Clustering of Au on Graphene


Srivastava et al. [92] performed density functional calculations to investigate the bonding properties of Aun (n = 1–5) clusters on perfect free-standing single-layer graphene. In synthesis, their results show that the Aun clusters are bonded to graphene through an anchor atom and that the geometries of the clusters on graphene are similar to their free-standing counterparts. Figure 3 shows, in particular, the results for the stable geometry configurations of the Au1, Au2, Au3, Au4, Au5 on the graphene. According to these results: (a) the energetically stable site for the Au atom on graphene is atop to C atom (at an equilibrium distance of 2.82 Å), in agreement with the finding of Liu et al. [100]; (b) for n > 1, each of the Aun cluster is bonded to the graphene by one Au atom which is closer to the graphene and the overall geometry of the cluster remembers its freestanding configuration. Concerning the Au5 cluster two different stable configurations are found, i.e., the last two rows in Figure 3. These two configurations differ for taking into in account or not van der Waals interaction: the last configuration for the Au5 cluster (named Au5(P)) is obtained taking into in account the van der Waals interaction. The overall results of the calculations performed by Srivastava et al. are summarized in Table 2. This table reports, for each Aun cluster: ha which is the distance of the Au anchor atom of the cluster from the graphene plane; dac which is the distance of the Au anchor atom from the nearest-neighbor C atom of the graphene layer; the binding energies BE1, BE2, BE3 of the Aun clusters with the graphene, being these energies defined by BE1 = (EG+Au_n−EG−nEAu)/n, BE2 = EG+Aun−EG+Au_n−1−EAu_1, BE3 = EG+Au_n−E’G−EAu_n with EG the energy of the free-standing graphene, E’G the energy of the graphene after adsorbing the Aun cluster, EAu_n the energy of the isolated Aun cluster, EG+Aun the energy of the system formed by the free-standing graphene and the isolated Aun cluster, n the number of Au atoms in the cluster. With these definitions, BE1 represents the cohesive energy of the cluster affected by the interaction with the graphene, BE2 is the energy gained by the system in consequence of the addition of one more atom to the already existing cluster, BE3 is the energy gained by the system resulting from the interaction of graphene and cluster.


Figure 3. Stable geometries of Au clusters adsorbed on perfect graphene. Au1–Au5 and Au5(P) clusters are shown from top to bottom rows. Left and right columns show top and side views, respectively. Reproduced from Reference [92] with permission from the American Physical Society.



[image: Crystals 07 00219 g003]






Table 2. Anchor atom’s distance above graphene plane (ha), distance from nearest-neighbor C atom (dac), binding energies (BE1–BE3) of Aun clusters adsorbed on perfect graphene. Reproduced from Reference [92] with permission from the American Physical Society.







	
System

	
ha (Å)

	
dac (Å)

	
BE1 (eV)

	
BE2 (eV)

	
BE3 (eV)






	
Au1

	
2.89

	
2.82

	
−0.107

	
−0.107

	
−0.122




	
Au2

	
2.45

	
2.32

	
−1.373

	
−2.639

	
−0.526




	
Au3

	
2.43

	
2.33

	
−1.345

	
−1.288

	
−0.654




	
Au4

	
2.49

	
2.34

	
−1.608

	
−2.397

	
−0.515




	
Au5

	
2.57

	
2.45

	
−1.681

	
−1.975

	
−0.218










In particular, analyzing the binding energies, the following conclusions can be drawn: the Aun cluster is bonded to the graphene by the Au anchor atom and the bonding energy is dependent both on ha and dac. Furthermore, the small values of BE3 are the signature of the weak bond between the Aun clusters and the graphene. This should favor high mobility of Au adatoms and Aun cluster on perfect free-standing graphene. However, this mobility is, also, determined by the diffusion barrier. To analyze this point, we discuss the theoretical findings of Amft et al. [93]. They used density functional calculations to study the Aun (n = 1–4) mobility on free-standing single layer graphene and their clustering properties. In particular, they studied the mobility of the Au atoms (Au1) and the mobility of the Au2, Au3, and Au4 clusters finding that the diffusion barrier of all studied clusters ranges from 4 to 36 meV. On the other hand, they found that the Aun adsorption energy ranges from −0.1 to −0.59 eV. The diffusion barrier, therefore, results much lower than the adsorption energies. These results confirm the high mobility of the Au1–4 clusters on graphene along the C–C bonds. The Au4 cluster shows a peculiarity with respect to the other clusters: it can present two distinct structure, i.e., the diamond-shaped Au4D cluster and the Y-shaped Au4Y cluster. From the vapor phase, these clusters are formed on the graphene surface by two distinct clustering processes: Au1+Au3→Au4D, 2Au2→Au4Y. On the graphene surface they are characterized by different adsorption energies and diffusion barriers. In particular, the authors conclude that Au4Y has the highest adsorption energy on graphene, −0.59 eV, while the adsorption energy of the Au4D is −0.41 eV. Au1 has the lowest adsorption energy, −0.1 eV. The adsorption energy of Au2 is about −0.45 eV and of Au3 is about −0.50 eV. To complete, their calculations about the activation energy for the Aun clusters diffusion on graphene (i.e., the diffusion barrier) along the C–C bonds indicate the values of 15 meV for Au1, 4 meV for Au2, 36 meV for Au3, 4 meV for Au4D, and 24 meV for Au4Y. Comparing the calculated values for the adsorption energy and for the diffusion barrier of the Au1–4 clusters, Amft et al. [93] conclude that the low diffusion barriers for the Aun clusters (with respect to the adsorption energy) suggest a high mobility of the clusters on the graphene also at low temperatures. So, the adsorbed Aun clusters can easily diffuse on the graphene and, upon merging, they form larger clusters to minimize the total energy of the system (since the Au–Au bonding energy is higher than the Au–C one).




2.1.3. Adsorption and Diffusion of Au on Graphene/Ru(0001)


The theoretical results illustrated in the previous Section 2.1.1 and Section 2.1.2 are derived for atoms and cluster on free-standing graphene. However, as we will see in Section 2.2, some experimental results pointed out some differences in the growth morphology of metals deposited on graphene by changing the substrate supporting the graphene. So, in the present section we review a theoretical analysis (as model system analyses) about diffusion and mobility of Au atoms on graphene taking into in account the effect of the substrate supporting the graphene sheet. These theoretical data, so, can be directly compared to the theoretical data for adsorption and diffusion of Au atoms on free-standing graphene as reported in the previous sections.



Semidey-Flecha et al. [99] used density functional theory calculations to investigate the adsorption and diffusion of Au adatom on the graphene moiré superstructure on Ru(0001). Their results can be synthesized as follows: (a) the FCC region on the graphene moiré is the most stable adsorption site for Au1; (b) the diffusion barrier for Au1 is determined to be 0.71 eV (much higher than the value of 15 meV evaluated by Amft et al. [93] for Au1 on free-standing graphene).



The epitaxial growth of graphene on Ru(0001) is usually used to produce supported high-quality large area graphene sheets [65,99,131]. In this case, the graphene layer presents the moiré super-structure due to mismatch between the graphene and Ru(0001). In addition, from an experimental point of view, the study of metal atoms (Pd [65], Co [65], Au [65,132], Fe [133], Pt [134]) deposited on graphene/Ru(0001) is a very active field of study in view of catalytic applications. So, the theoretical study of metal atoms bonding and mobility on graphene/Ru(0001) is crucial in reach a control on the metal growth process. In particular, the theoretical analysis by Semidey-Flecha et al. [99] are focused on the diffusion properties of Au atoms on graphene/Ru(0001).



First of all, Figure 4 reports the graphene structures taken into considerations by the authors to run the simulations: (a) free-standing grapheme; (b) graphene on fcc Ru(0001); (c) graphene on hcp Ru(0001); (d) graphene on ridge Ru(0001). Each image reports, also, the indication of the notable sites.


Figure 4. Structures of the (3 × 3) surfaces used for the simulations: (a) freestanding graphene; (b) graphene on fcc Ru(0001); (c) graphene on hcp Ru(0001); and (d) graphene on ridge Ru(0001). Graphene is shown as bonds only. Top and second layer Ru atoms are shown as green and grey spheres, respectively. Reproduced from Reference [99] with permission from the American Institute of Physics.
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Figure 5 reports, according to the calculations of Semidey-Flecha et al. [99], the potential surface energy for Au1 calculated on the same set of (3 × 3) surfaces. These potential surfaces energy furnish the preferential diffusion path for Au1 as well as the global diffusion barrier.


Figure 5. Potential energy surfaces for Au1 on the (3 × 3) surfaces: (a) freestanding graphene; (b) graphene on fcc Ru(0001); (c) graphene on hcp Ru(0001); and (d) graphene on ridge Ru(0001). The hexagon identifies the standard graphene hexagon. In each image, the dashed line signs the adatom minimum-energy diffusion path. “X” marks the transition state from a local minimum energy site to another. The energy scale is in eV. Reproduced from Reference [99] with permission from the American Institute of Physics.
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Figure 5a refers to Au1 adsorbed on free-standing graphene: it shows that, in this configuration, the most stable sites are the top site on the free-standing graphene (see Figure 4a), for which the adsorption energy is ΔE = −0.11 eV. In addition, on the free-standing graphene, Au1 diffusion preferentially occurs between adjacent top sites with a barrier of Ea = 0.002 eV. Figure 5b refers to Au1 adsorbed on graphene supported on the fcc version of Ru(0001): it shows that the most stable sites are the t2 ones (see Figure 4b), for which the adsorption energy is ΔE = −1.42 eV. In this case, Au1 preferentially diffuses between adjacent t2 sites via the t1 site, with barrier of Ea=0.76 eV. Figure 5c refers to Au1 adsorbed on graphene supported on the hcp version of Ru(0001): it shows that the most stable sites are the t2 ones (see Figure 4c), for which the adsorption energy is ΔE = −1.13 eV. In this case, Au1 preferentially diffuses between adjacent t2 sites via the t1 site, with barrier of Ea = 0.66 eV. Finally, Figure 5d refers to Au1 adsorbed on graphene supported on the ridge version of Ru(0001): it shows that the most stable sites are the tβ ones (see Figure 4d), for which the adsorption energy is ΔE = −0.92 eV. In this case, Au1 preferentially diffuses between adjacent tβ sites with barrier of Ea = 0.32 eV.



To conclude, Semidey-Flecha et al. [99] report, also, the resulting coarse-grained potential energy surface for Au1 on graphene/Ru(0001), see Figure 6: it allows the determination of the minimum-energy diffusion path (the dashed line) for Au1 from the global minimum-energy adsorption site in the fcc region of one moiré cell to that in an adjacent moiré. For this diffusion path, the authors were able to calculate the Au1 diffusion barrier as Ea = 0.71 eV. So, using this value in the Arrhenius law of the hopping rate r = Aexp(−Ea/kT) and the value A = 1012 s−1 for the pre-exponential factor, the room-temperature hopping rate is estimated in about 0.1 s−1.


Figure 6. Potential energy surfaces for Au1 sampled at the top and ring center sites in the symmetry-irreducible zone of the full graphene/Ru(0001) surface. The dashed line signs the adatom minimum-energy diffusion path. The minimum energy diffusion path for the adatom is marked by a dashed line. “D”, “E”, and “F” mark the preferential adsorption sites, and “X” marks the highest-energy site. Reproduced from Reference [99] with permission from the American Institute of Physics.
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2.1.4. In-Plane Adsorption and Diffusion of Au in Graphene


Another interesting aspect studied by means of theoretical analyses concerns the in-plane diffusion of Au atoms in graphene. Malola et al. [98], in particular, studied this phenomenon using density functional calculations motivated by the experimental data of Gan et al. [58] which experimentally observed in-plane adsorption of Au atoms in vacancies of graphene sheets and measured the rate for the in-plane Au diffusion (as we will discuss in Section 2.2).



The analysis of Malola et al. [98] starts considering that the vacancies formation in the graphene sheets is the essential condition for the Au in-plane adsorption and diffusion since the Au in-plane diffusion is mediated by these vacancies. So, first of all, the authors calculated the carbon vacancy formation energy in free-standing graphene as a function of the number of vacancies corresponding to some selected geometries, see in Figure 7 the empty points. In addition, they calculated the formation energy for Au adsorbed in these graphene vacancies, see in Figure 7 the full points.


Figure 7. Carbon vacancies formation energy in graphene (empty squares), and formation energies for Au adsorbed in graphene vacancies (full points). For each vacancy, the insets show the selected geometry for the vacancy. Reproduced from Reference [98] with permission from the American Institute of Physics.



[image: Crystals 07 00219 g007]






For example, the single and double vacancies formation energy is about 8 eV, and then it increases by a rate of about 2 eV/C increasing the number of C atoms to remove. The difference between the two curves in Figure 7 is the Au adsorption energy and it is in the 3–6 eV range on the basis of the number of vacancies being formed. Considering these data, the authors observe that the in- and out-plane bonding energy for Au is higher when adsorbed in double vacancies concluding, so, that the Au-double vacancy should be the most stable configuration. Therefore, Malola et al. [98] used molecular dynamics simulations to simulate the four different diffusion paths presented in Figure 8 for the Au atom in the double vacancy and for each of them calculated the value of the diffusion barrier.


Figure 8. Au in double vacancies in graphene: simulations of different diffusion paths (path I, II, III, IV) of the Au atom (yellow sphere), whereas the blue dots indicate the C atoms which change position as result of the Au atom jump. In addition, each path is accompanied by the estimated diffusion barrier for the Au jump. Reproduced from Reference [98] with permission from the American Institute of Physics.
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The diffusion barrier of 4.0 eV (diffusion path I) corresponds to the out-of-plane motion of Au. Diffusion path II with 5.8 eV barrier involves out-of-plane motion of C, instead. A diffusion barrier of 7.0 eV corresponds to the in-plane diffusion path III while the path IV has a 7.5 eV barrier. These values are not able to explain the 2.5 eV value experimentally measured by Gan et al. [58] for the in-plane diffusion of Au atoms in graphene by using in-situ transmission electron microscopy (operating at 300 kV) analyses. Then, Malola et al. [98] conclude that the 2.5 eV corresponds to the in-plane radiation enhanced diffusion of the Au atoms in the sense that the in-plane Au atoms diffusion is enhanced by electrons irradiation arising from the electron beam of transmission electron microscopy. The electrons radiation should cause displacement of C atoms generating vacancies which favor Au to overcome the large 4 eV (or higher) energy barrier, resulting in the effective 2.5 eV measured by Gan et al. [58].





2.2. Adsorption, Diffusion, Nucleation and Growth of Metal Atoms on/in Graphene: Experimental Results


2.2.1. General Considerations


A set of experimental data on the growth of a range of metal NPs by vapor-phase depositions of metal atoms on graphene was reported by Zhou et al. [65]. In this work, the authors deposited, by thermal evaporation, Pt, Rh, Pd, Co, and Au on a graphene moiré pattern on Ru(0001). Then they performed systematic scanning tunneling microscopy studies to analyze the growth mode of the resulting NPs as a function of the amount (in unity of monolayers, ML) of deposited material and as a function of the annealing temperature of a subsequent annealing process. The authors, in particular, tried to highlight the differences observed for the various metals: in fact, their experimental data show that Pt and Rh form small particles sited at fcc sites on graphene. Instead, in similar coverage conditions, Pd and Co form larger particles. Analyzing these results, the authors conclude that the metal-carbon bond strength and metal cohesive energy are the main parameters in determining the metal clusters formation process and the morphology of the clusters in the initial stages of growth. On the other hand, experimental data on the growth of Au show a further different behavior (Au forms a single-layer film on graphene) suggesting, in this case, that other factors affect the growth of the Au cluster. Figure 9, Figure 10 and Figure 11 summarize some scanning tunneling microscopy analyses of various metals deposited on the graphene/Ru(0001) substrate, as reported by Zhou et al. [65].


Figure 9. Scanning Tunneling Microscopy images (50 nm × 50 nm) of (a) 0.05 ML; (b) 0.1 ML; (c) 0.2 ML; (d) 0.4 ML; (e) 0.6 ML and (f) 0.8 ML Rh deposited on graphene/Ru(0001) at room temperature. Reproduced from Reference [65] with permission from the Elsevier.
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Figure 10. Scanning Tunneling Microscopy images (50 nm × 50 nm) of (a) 0.1 ML Pd; (b) 0.4 ML Pd; (c) 0.2 ML Co; (d) 0.4 ML Co; (e) 0.2 ML Au and (f) 0.6 ML Au deposited on graphene/Ru(0001) at room temperature. Reproduced from Reference [65] with permission from the Elsevier.
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Figure 11. Scanning Tunneling Microscopy images (50 nm × 50 nm) of 0.8 ML Rh on graphene/Ru(0001) acquired after annealing the samples to (a) 600 K; (b) 700 K; (c) 800 K; (d) 900 K; (e) 1000 K and (f) 1100 K for 10 min. Reproduced from Reference [65] with permission from the Elsevier.
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In particular, Figure 9 reports Scanning Tunneling Microscopy images for Rh deposited at room-temperature on the graphene/Ru(0001) substrates and increasing the amount of deposited Rh (from 0.05 to 0.80 ML). From a quantitative point of view, using these analyses, the authors inferred that until 0.6 ML the average Rh clusters size increases by increasing the amount of deposited Rh: the Rh cluster size and height significantly increase when the amount of deposited material increase but, correspondently, a much lower increases of the particles density is observed. Similar is the behavior of Pt: for a coverage of 0.1 ML, 2 nm-diameter highly dispersed Pt particles are formed at fcc sites; for a coverage of 1 ML, instead, 5 nm-diameter Pt particles are formed and characterized by a narrow size distribution. Figure 10 shows other Scanning Tunneling Microscopy images: (a) and (b) report images of 0.1 and 0.4 ML Pd deposited on graphene/Ru(0001), respectively. In this case, at a coverage of 0.1 ML, 8–14 nm-diameter three-dimensional Pd particles are formed at fcc sites and with a lower surface density compared to Rh and Pt. (c) and (d) report images of 0.2 and 0.4 ML of Co on graphene/Ru(0001). At a coverage of 0.2 ML, 10 nm-diameter three-dimensional Co particles are formed, while, at a coverage of 0.4 ML, 12 nm-diameter clusters are observed. (e) and (f) report images of 0.2 and 0.6 ML Au on graphene/Ru(0001). At 0.2 ML, small two-dimensional Au particles are formed at fcc sites. However, differently from the previous metals, increasing the coverage (0.6 ML, for example), Au forms a film of NPs covering the graphene moiré pattern. Finally, Figure 11 serves as an example to analyze the thermal stability of the nucleated NPs: it presents images of the Rh NPs on the graphene/Ru(0001) substrate after annealing process from 600 to 1100 K for 600 s. These images show that no significant change can be recognized in the Rh NPs below 900 K. Instead, a NPs coalescence process starts at ∼900 K as indicated by the decreased cluster density and larger dimensions. The NPs coalescence process is more evident after the annealing of the sample at 1100 K.



On the basis of their experimental results, Zhou et al. [65] draw the following conclusions about the growth processes for the investigated metal NPs on the graphene/Ru(0001) substrate:



(a) Pt, Rh, Pd and Co: these metals should grow on the graphene as three-dimensional clusters due to the high difference in the surface energy of graphene (46.7 mJ/cm2) and of these metals (in the 1–2 J/cm2 range). However, the interaction between the metals adatoms and the graphene strongly influences this situation by determining the adatoms mobility. Only a small interaction energy of the adatoms with the graphene (with respect to the adatom-adatom interaction energy) will assure a high adatoms mobility and, so, the occurrence of the three-dimensional growth of the clusters.



On the basis of this consideration, the authors attribute the observed differences in the Pt, Rh, Pd and Co NPs growth morphologies to the different strengths of the metal-carbon bond. The increase of the strength of the metal-carbon bond will result in the decreasing of the diffusion coefficient for the metal on graphene at a given flux. As a consequence, the decrease of the diffusion coefficient will result in the increase of the metal clusters nucleation rate allowing to obtain, thus, uniformly dispersed the two-dimensional clusters at the initial growth stage. So, the authors note that the relevant metal-carbon dissociation energies are: 610 kJ/mol for Pt-C, 580 kJ/mol for Rh-C, 436 kJ/mol for Pd-C, and 347 kJ/mol for Co-C, so that the metals with higher bond dissociation energies (Pt and Rh) form highly dispersed clusters while those with lower bond dissociation energies (Pd and Co) form large three-dimensional clusters with low surface densities. On the other hand, however, with the continued atoms deposition, the pre-formed cluster on the graphene surface start to growth in size by incorporating the new incoming atoms and this process is competitive to the nucleation of new clusters on the surface. The joining of two or more metal atoms is characterized by the metals cohesive energy which establishes the strength of the metallic bonds. So, now, the metal-carbon dissociation energy and the metal cohesive energy become competitive parameters in establishing the final cluster growth mode and morphology. So, the authors’ picture is improved as follows [65]: the C atoms of the graphene strongly interact with Pt and Rh atoms, largely influencing the initial growth stage leading to the formation of uniformly distributed small particles. On the other hand, the bond strength of Pd and Co atoms to the C atoms is much weaker, so that the metals cohesive energy drive the NPs formation and growth, resulting in the formation of large three-dimensional clusters at initial growth stage.



(b) Effect of the substrate supporting the graphene: in their analysis, Zhou et al. [65] compared their results with other literature results. For example, they compared their results on the growth of Pt on graphene/Ru(0001) with the results of N’Daye et al. [61,64] on the growth of Pt on graphene/Ir(111) in similar conditions of depositions. They highlight some crucial differences in the growth morphology of the Pt clusters and impute these differences to the specific interaction of the metal atoms with the substrate supporting the graphene layer. In summary, Zhou et al. [65] report that the equilibrium spacing between graphene and the Ir(111) surface has been calculated to be 0.34 nm. Instead, the equilibrium spacing between the graphene and the Ru(0001) surface has been calculated to be 0.145 nm. This difference arises from the higher interaction of the graphene with the Ru(0001) than with Ir(111). Thus, in general, increasing the interaction energy between the C atoms of the graphene layer with the substrate on which it is supported, will lead to a decrease in the interaction energy between the C atoms and the deposited metal adatoms. This will result in an increased metal adatoms diffusivity. The consequence is that the metal clusters grown on graphene/Ir(111) are spatially more ordered than on graphene/Ru(0001) and that the transition from two-dimensional to three-dimensional morphology of clusters on graphene/Ru(0001) occurs at much lower amount of deposited material.



(c) Au: due to the weak interaction between Au and C, Au is expected, so, to grow on graphene as three-dimensional isolated Au clusters. Instead, Zhou et al. [65] observed that Au on graphene/Ru(0001) forms a continuous nano-granular film. They attribute this behavior, mainly, to the low Au cohesive energy (i.e., Au tends to wet a metal surface with a larger cohesive energy. Note that the Au cohesive energy is 3.81 eV whereas, for example, the Pt cohesive energy is 5.84 eV). In addition, the nearest-neighbor distance for Au is 0.288 nm which is larger than the graphene lattice parameter (0.245 nm). N’Diaye et al. [61,64] inferred that metal with a nearest-neighbor distance of 0.27 nm can perfectly fit the graphene lattice. So, Au atoms do not fit the graphene lattice, contributing to the lowering of the Au-C interaction energy. Therefore, the Au low cohesive energy and the low Au-C interaction energy contribute in determining the atypical Au growth.



In addition to Zhou et al. [65], N’Diaye et al. [61,64] reported another set of experimental analyses on the growth morphologies of Ir, Pt, W, and Re on graphene/Ir(111) and then Feibelman [75,76] reported additional theoretical analyses on the experimental results of N’Diaye et al.



The main results of N’Diaye et al. [64] rely in the establishment of the condition for which a metal form a superlattice on the graphene/Ir(111) substrate: (1) A large metal cohesive energy; (2) a high interaction energy of the deposited metal atoms with graphene established by the large extension of a localized valence orbital of the deposited metal; and (3) the fitting between the graphene lattice parameter and the nearest-neighbor distance of the deposited metal. In the course of their studies, N’Diaye et al. [64] were able, in addition, to infer several characteristics on the metals growth morphology. From an experimental point of view, first of all, the authors choose to deposit materials with very different cohesive energy so to study the impact of this parameter on their growth morphology. In fact, the cohesive energy for W, Re, Ir and Pt is, respectively, 8.90, 8.03, 6.94, 5.84 eV.



Figure 12 shows, for example, Scanning Tunneling Microscopies of graphene flakes grown on Ir(111) after deposition, at room-temperature, of 0.2–0.8 ML of various metals. In the areas without graphene, metals form some isolated islands of monolayer height. All deposited materials are pinned to graphene flakes forming NPs. Ir and Pt form similar very ordered superlattices of clusters on the graphene flakes (compare Figure 12a,b). At 0.2 ML both materials exhibit two distinct height levels of the clusters. Also W forms an ordered cluster superlattice (see Figure 12c), however with higher height than that obtained for Ir. These W clusters present distinct height levels. A lower spatial order is obtained, instead, for Re clusters as visible by Figure 12d. For Fe (Figure 12e) and Au (Figure 12f) clusters the spatial order is completely absent so that no superlattice is obtained. The authors attribute the absence of the regular cluster superlattice for these metals to their small cohesive energy and/or small binding energy to graphene: metals with small cohesive energy present a more pronounced wetting behavior on graphene with respect to metal with higher cohesive energy (i.e., metals with small cohesive energy have lower surface energy than the metals with higher cohesive energy). Metals with low bonding strength to graphene present high mobility (with respect to metals with higher bonding strength) so that graphene is not able to trap efficiently these adatoms and small clusters). The authors verified [64] these conclusions by depositing Re, Au and Fe on the graphene/Ir(111) substrate at lower temperatures (200 K), so to decrease the adatoms diffusivity. In this case the formation of the superlattices structures for the Re, Au, and Fe clusters was observed.


Figure 12. Scanning Tunneling Microscopy images (70 nm × 70 nm) of graphene flakes on Ir(111) after deposition, maintaining the substrate at 300 K, of: (a) 0.20 ML Ir; (b) 0.25 ML Pt; (c) 0.44 ML W; (d) 0.53 ML Re; (e) 0.77 ML Fe; (f) 0.25 ML Au. Reproduced from Reference [64] with permission from IOPscience.
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Then, the authors investigated the effect of a subsequent annealing process on the morphology and order of the deposited metal clusters. Some results are reported in Figure 13: it reports the Scanning Tunneling Microscopies of Pt deposited on the graphene/Ir(111) substrate and annealed for 300 s from 350 K to 650 K. Figure 13g quantifies the annealing effect by plotting the temperature dependence of the moiré unit cell occupation probability n as a function of the annealing temperature T for all the investigated metals.


Figure 13. Scanning Tunneling Microscopy images (70 nm × 70 nm) of (a) 0.25 ML Pt deposited on graphene/Ir(111) maintaining the substrate at 300 K. This sample was then annealed for 300 s at (b) 400 K; (c) 450 K (d) 500 K; (e) 550 K and (f) 650 K; (g) Plot of n (occupation probability of the moiré cell by a particle) versus the annealing temperature T; (h) Arrhenius plot of particle jumping rate ν(T). Lines represent fits for the hopping rate with diffusion parameters as shown in Table 3. Reproduced from Reference [64] with permission from IOPscience.



Table 3. Activation energy for diffusion (Ea) with the corresponding deviation (ΔEa), and the pre-exponential factor ν0 with the corresponding errors (fifth and sixth columns) for the cases of Ir, Pt and W deposited on graphene/Ir(111). Reproduced from Reference [64] with permission from IOPscience.
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Ir, 0.45 ML (I)

	
0.41

	
0.02

	
1.4




	
Ir, 0.45 ML (II)

	
0.75

	
0.2

	
67




	
Ir, 0.45 ML

	
0.28

	
0.08

	
0.06




	
Pt, 0.25 ML

	
0.60

	
0.08

	
500




	
Pt, 0.70 ML

	
0.38

	
0.02

	
6.2




	
W, 0.44 ML

	
0.47

	
0.04

	
33
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The evolution of the cluster superlattice (i.e., decay) is due to the thermally activated diffusion of clusters. The clusters perform a random motion around their equilibrium positions and two or more cluster can coalesce if the temperature is high enough to enough increase the diffusion length. The cluster diffusion, and so the probability for two or more cluster to join, is dictated by the activation barrier Ea which the cluster has to overpass to leave its moiré unit cell. This effect is illustrated by Figure 14 showing a sequence of images taken at 390 K (a–e) or at 450 K (f–j). White circles in the images sequences indicate locations of thermally activated changes, i.e., clusters that having overpassed the activation barrier for diffusion and perform a coalescence process.


Figure 14. (a–e) Scanning Tunneling Microscopy images (25 nm × 25 nm) of 0.01 ML Ir deposited at 350 K on graphene/Ir(111) (a) and annealed at 390 K for 120 s (b); 240 s (c); 360 s (d); 480 s (e). Circles indicate where modification occur in successive images; (f–j) Scanning Tunneling Microscopy images (15 nm × 15 nm) of 1.5 ML Ir deposited on graphene/Ir(111) at 350 K (f) and annealed at 450 K for 120 s (g); 240 s (h); 360 s (i); 480 s (j). Reproduced from Reference [64] with permission from IOPscience.
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In addition, N’Diaye et al. [64] were able to infer quantitative evaluations on the parameters involved in this process: supposing the clusters attempt frequency to overpass the diffusion barrier (i.e., the clusters joining frequency) expressed by an Arrhenius law, i.e., ν = ν0exp(−Ea/kT), and supposing the probability that one cluster encounters another one is proportional to n, the data in Figure 13h can be fitted to extract the clusters activation energy for diffusion (Ea) with the corresponding deviation (ΔEa), and the pre-exponential factor ν0. All these evaluated parameters are summarized in Table 3.




2.2.2. Au Nanoparticles on Graphene


Zan et al. [66] used Transmission Electron Microscopy to study the morphological and structural evolution of Au NPs on free-standing single-layer graphene sheet changing the effective deposited Au film thickness from less than 0.1 nm to 2.12 nm.



Figure 15 shows the results of the Au depositions: the preferential sites for the Au clusters nucleation are in correspondence of the Au hydrocarbon contamination, as revealed by the wormlike contrast in the high-resolution Transmission Electron Microscopy images. This is a signature of the very high diffusivity of Au atoms on graphene. Furthermore, the images show that the Au cluster number per unit area increases with increasing evaporated amount of Au, and at a nominal Au thickness larger than 1 nm clusters start to joining by coalescence.


Figure 15. (a–d) Transmission Electron Microscopy images of Au deposited on free-standing graphene increasing the amount of deposited metal; (a) Sparse coverage; (b) sparse groups of clusters at Au thickness lower than 0.1 nm; (c) Higher cluster densities at 0.12 nm of Au thickness; (d) Coalescence of clusters occurring for 2.12 nm-thick deposited Au; (e) Scanning Transmission Electron Microscopy bright-field image of 0.5 nm-thick evaporated Au. Scale bar: 10 nm in all images. Reproduced from Reference [66] with permission from Wiley.
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Figure 16 shows the observed in-situ coalescence process of some Au clusters. The lighter areas within the clusters correspond to clean graphene patches overlaid by the clusters. As examples two of these overlaid regions are marked by the white lines in Figure 16a: the left one occurs at the coalescence front of two coalescing clusters, the right-hand one in the middle of a cluster.


Figure 16. Coalesced Au clusters corresponding to the deposition of 2.12 nm Au on graphene. (a) shows variations in thickness and relative crystallographic orientations and (b) planar faults such as stacking faults (white arrows) and twin boundaries (black arrow). Scale bars: 5 nm. Reproduced from Reference [66] with permission from Wiley.
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In addition, Zan et al. [66] motivated by the fact that a standard method to modify and functionalize graphene is by hydrogenation, studied the Au growth morphology on intentionally-hydrogenated free-standing graphene.



Hydrogenation breaks graphene sp2 bonds and leads to sp3 bond formation. Au depositions, 0.2 nm in nominal thickness, were, so, carried out on graphene surfaces that had been hydrogenated and the results compared to those obtained for 0.2 nm Au deposited on pure graphene. As can be seen in Figure 17a, the hydrogenated sample presents a higher Au clusters density and cluster sizes are less dispersed than in the pure graphene sample, as shown in the image in Figure 17b. However, similar to pristine graphene, Au clusters nucleate in the defects represented by the contaminations sites where the hydrogenation occurred. So, the increased hydrogenation of the graphene leads to a more effective adhesion of Au, enhancing the nucleation probability of Au clusters in the contaminations. This picture is confirmed by the observation of the occurring of coalescence of Au clusters under the electron beam of the Transmission Electron Microscopy (a process which is not observed for the Au on the pristine graphene). An example of this process in the hydrogenated sample is shown in Figure 17c,d: these Transmission Electron Microscopies present the evolution of the Au clusters under the electron beam at temporal distance of about 10 s. The agglomeration of the Au clusters (marked by the solid circles and dashed rectangles in Figure 17c,d) occurs rapidly, in the 10 s time range. In contrast, the Au clusters formed on the pristine graphene perform a coalescence process on the graphene during the Au deposition and not in few seconds under exposure to the electron beam. So, evidently, the hydrogenation process of the graphene lowers the diffusion barrier for the pre-formed Au clusters, the electron beam furnishes enough energy to the clusters to overcome this diffusion barrier, and the Au clusters coalescence starts and rapidly occurs (~seconds).


Figure 17. (a,b): Transmission Electron Microscopy images of 0.2 nm Au evaporated onto hydrogenated and pristine graphene (scale bar: 20 nm). The corresponding diffraction patterns are shown as insets; (c,d) Images of Au evaporated onto hydrogenated graphene, taken in a sequence of scans, and showing the Au clusters merging by coalescence as indicated by the solid circles and dashed rectangles (scale bar: 5 nm). Reproduced from Reference [66] with permission from Wiley.
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2.2.3. Au and Pt Nanoparticles in Graphene


Another aspect related to the kinetic processes of metal atoms interacting with graphene was analyzed by Gan et al. [58]: they studied, experimentally, the in-plane diffusion characteristics of Au and Pt atoms in graphene and the corresponding nucleation process towards the formation of NPs by using in-situ Transmission Electron Microscopy analyses at high temperature. The analysis by the authors starts by the consideration that carbon vacancies in the graphene layers favor the atoms in-plane diffusion with respect to the on-plane diffusion.



So, to perform the experiments, the authors mixed powders of Au or Pt with graphite powder. Then they obtained a mixed fine deposit by an electric arc discharge system. After dispersing and sonicating the resulting deposit, it was placed on standard grids for in-situ Transmission Electron Microscopy analysis. During the Transmission Electron Microscopy studies, the samples were annealed in the 600–700 °C range to induce the metal atoms diffusion. The used fabrication method produces layers consisting of one or few graphene layers characterized by crystal vacancies allowing the in-plane metal atoms diffusion. As an example, Figure 18a,b show Pt atoms in a four-layers graphene structure held at 600 °C. The image in Figure 18b was acquired 60 s after Figure 18a. Two Pt atoms (indicated by the arrows) merge and form a nucleus. Such nuclei of two or several Au or Pt atoms were often observed by the authors. Then they acquired several images with the viewing direction along the graphene layers. In this condition, the observed metal atom apparently remains immobile during the annealing and overlaps with the contrast of the outermost graphene layers: this fact excludes that the metal atom is located on top of the layer. So, after several observations, the authors conclude that the metal atoms are located in-plane with the graphene sheet occupying vacancies on the carbon sites.


Figure 18. (a,b) Plan-view Transmission Electron Microscopy images of Pt atoms in a four-layer graphitic sheet held at 600 °C. The image (b) was acquired 60 s after (a). Two Pt atoms (arrowed) merge and form a cluster. The scale bar is 1 nm. Reproduced from Reference [58] with permission from Wiley.
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To analyze the atoms diffusion, Figure 19 shows the temporal evolution by reporting plan-view Transmission Electron Microscopy images acquired in the same region of the sample which is held at 600 °C and increasing the time. These images follow, in particular, the evolution of Pt atoms. The arrows in the first images identify some Pt atoms and by the images sequence how these atoms change their position by diffusion can be recognized. Atoms diffusing within the layer are marked by ‘‘L’’. It can be concluded that metal atoms prefer edge locations rather than in-plane sites. It is also visible how the atoms at the edge (marked by ‘‘E’’) move along the edge. Using these real-time analyses, the authors, in particular, were able to measure the diffusion length for several of Au and Pt atoms (quantified along the layer) versus time at different temperatures, obtaining data which follow the square-root law connecting the diffusion length to the diffusion time.


Figure 19. Series of Transmission Electron Microscopies showing the diffusion of Pt atoms in graphene at 600 °C as a function of time. “L” marks the region in a two-three layer graphene where Pt atoms are diffusing in two dimensions. “E” marks a Pt cluster located at the edge of a graphene layer and where Pt atoms are observed one-dimensionally diffuse along the edge. Reproduced from Reference [58] with permission from Wiley.
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So, the mean diffusion length x is connected to the diffusion time t by D = x2/4t, with D the atomic diffusion coefficient. Using the experimental data, the authors derived values for the Pt and Au atoms in-plane diffusion coefficient: D = 6 × 10−22–2 × 10−21 m2/s for Au at 600 °C, D = 4 × 10−22–1 × 10−21 m2/s for Pt at 600 °C, D = 1 × 10−21–7 × 10−21 m2/s for Pt at 700 °C. Using these values, Gan. et al. [58] evaluated the activation energy for the graphene in-plane diffusion of the Pt and Au atoms: in fact, considering that D = ga2ν0exp[−Ea/kT], with g ≈ 1 a geometrical factor, a the graphene lattice constant, ν0 the attempt frequency which can be assumed to be the Debye frequency, then Ea is estimated, both for Pt and Au, in about 2.5 eV.



This value arises by the combined effect from the covalent bonding between Pt or Au and C atoms and from the activation energy for site exchange of carbon atoms that is given by the vacancy migration energy in graphene (1.2 eV). However, a question arises about these results: the role of the electron beam used for the in-situ Transmission Electron Microscopy analyses on the observed metal atoms diffusion process. In fact, it could determine an enhanced radiation diffusion. This point was, in particular, addressed, from a theoretical point of view, by Malola et al. [84] as discussed in Section 2.1.4. Their theoretical simulations indicate that the lowest-energy path with 4.0 eV barrier involves out-of-plane motion of Au (see Figure 8). Other diffusion paths are characterized by higher energy barriers. So, the 2.5 eV barrier value measured by Gan et al. [58] for the in-plane diffusion of Au atoms in graphene should arise as an electron (300 keV) radiation enhanced diffusion: in fact, assuming Au in double vacancy, at least one of the 14 neighboring C atoms should be removed every 10 s as result of the electron beam interaction. This generation of vacancies favor Au to overcome the large 4 eV (or higher) energy barrier, resulting in the effective 2.5 eV. The radiation enhanced diffusion interpretation is in agreement with the experimental result that the 2.5 eV barrier is found both for Au and Pt which is not expected a-priori considering that C–Pt interaction is stronger than the C–Au one. In fact, on the basis of this fact, the activation energy for the Pt diffusion should be higher. Instead, the C-metal energy interaction is substantially negligible in the diffusion process if it is dominated by radiation enhancement.




2.2.4. Au Nanoparticles on Graphene Supported on Different Substrates


Liu et al. [60] investigated, from an experimental point of view, the nucleation phenomenon of Au NPs on graphene. In particular, they focused the attention on the effect of the substrate supporting the graphene and of the graphene layer number on the NPs nucleation kinetics. The experimental data were discussed within the mean field theory of diffusion-limited aggregation, allowing to evaluate the Au adatom effective diffusion constants and activation energies.



Liu et al. [60], so, prepared graphene samples by mechanical exfoliation of graphite onto SiO2/Si substrates or hexagonal boron nitride substrates. Raman spectroscopy was used to analyze the number of graphene layers. Au was deposited on the graphene layers by electron beam evaporation, having care, in addition, to produce reference samples were by depositing Au on graphite substrates. To induce morphological evolution of the Au on the substrates, subsequent annealing processes were performed. At each step of evolution, the authors performed Atomic Force Microscopy analyses to study the samples surface morphology, i.e., the Au NPs morphology, size, surface density and surface roughness.



First of all, the authors deposited 0.5 nm of Au on single-layer (1 L) graphene and bilayer (2 L) graphene supported onto SiO2/Si, and onto graphite surfaces maintaining the substrates at room temperature. Then, the Atomic Force Microscopy analyses allowed infer the following conclusions: on the graphite surface, Au NPs coalesce to form ramified islands. The large Au-Au binding energy (∼3.8 eV), drives the Au adatoms diffusion towards the joining and formation of small compact NPs. Once formed, these very small NPs diffuse slowly on the graphite and then they coalescence to form islands. Under the same deposition conditions on the 1 L graphene, Au NPs with a narrower-size distribution and higher surface density are obtained. Instead, concerning the Au NPs obtained on the 2 L graphene, some of these evidence an ongoing evolution from elongated islands structures to ramified structures. This difference with the Au NPs obtained on graphite is the signature of the lower diffusion coefficient of the Au adatoms on 1 L and 2 L graphene than on graphite. Further results are summarized by Figure 20: by depositing 0.1 nm of Au, the observed density of Au NPs is about 1200 μm−2 (Figure 20a) on 1 L graphene. A 350 °C-2 h thermal process leads to the decrease of the surface density of the Au NPs to about 130 μm−2 (Figure 20c). Instead, on the graphite substrate, the thermal process causes a decrease of the Au NPs density from about 180 μm−2 (Figure 20b) to about 3 μm−2 (Figure 20d). These data confirm the thermal-activated nature of the NPs growth mechanism.


Figure 20. Atomic Force Microscopy images (1 μm × 1 μm) of 0.1 nm Au deposited on a single-layer graphene (a) and on graphite (b). (c,d) show the same samples (Au on single-layer graphene in (c) and Au on graphite in (d)) after 2 h of thermal annealing at 350 °C. Reproduced from Reference [60] with permission from the American Chemical Society.
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As a comparison, the authors performed similar studies for Au deposited on graphene supported onto hexagonal boron nitride (h-BN): this choice is dictated by the fact that graphene is known to be flatter on single-crystal h-BN than on SiO2. So, the upper part of the image 21a shows the surface of h-BN presenting a roughness of 47 pm, while the bottom shows the h-BN surface supporting 1 L graphene, with a roughness of 54 pm. The other Atomic Force Microscopy images in Figure 21 show the resulting Au NPs obtained by the deposition of 0.1 nm of Au on the surface of bare h-BN, on 1 L graphene supported on h-BN and on 1 L graphene supported on SiO2. The comparison of these images allow us to conclude that the NPs growth is faster on h-BN and 1 L graphene supported on h-BN than on 1 L graphene supported on SiO2.


Figure 21. (a) Atomic Force Microscopy images (1 μm × 1 μm) of 1 layer graphene on hexagonal boron nitride (h-BN); and (b) Atomic Force Microscopy images (1 μm × 1 μm) of 0.1 nm Au deposited on 1 layer graphene supported on h-BN; (c) Atomic Force Microscopy images (1 μm × 1 μm) of 0.1 nm Au deposited directly on h-BN; (d) Atomic Force Microscopy images (1 μm × 1 μm) of 0.1 nm Au deposited on bilayer graphene supported on SiO2. Reproduced from Reference [60] with permission from the American Chemical Society.
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At this point, once recorded these experimental data, Liu et al. [60] exploited the mean-field nucleation theory to analyze these data so to extract quantitative information on the parameters involved in Au NPs morphological evolution processes. As the amount of deposited materials increases, three kinetic regimes for the Au clusters growth can be recognized: clusters nucleation, clusters growth, and steady-state. At the early stages of deposition, moving adatoms on the substrate explore a certain area in a certain time so that they can encounter each other and and, so, they have some finite probability to join (nucleation process) and form stable nucleii. The number of nuclei increases with time. However, in the same time, new atoms arrive from the vapor-phase and they can be captured by the preexisting nuclei. At enough high deposition time, so, the nuclei growth in cluster of increasing size and new nucleii are not formed: a steady state is reached. In this condition, the mean Au adatoms diffusion length is equal to the mean Au NP spacing and a saturation density for the nuclei is obtained. The authors, then, considered that, according to the mean-field nucleation theory, the nuclei saturation density n is predicted as n(Z)~N0η(Z)(F/N0ν)i/(i+2.5)exp[(Ei + iEd)/(i + 2.5)kT] being Z a parameter depending on the total deposition time, N0 the substrate atomic density (cm−2), η(Z) a dimensionless parameter, F is the rate of arriving atoms from the vapor phase (cm−2 s−1), ν an effective surface vibration frequency (∼1011–1013 s−1), i the number of Au atoms in the critical cluster, Ei the Au atom binding energy in the critical cluster, and Ed the activation energy for the Au atom diffusion.



Clusters of size smaller than i shrinks while clusters larger than size i grow and form the stable NPs. The authors consider that in the examined experiments, i should be small and, so, they analyze their experimental data on n(z) for i = 1 and i = 2 obtaining the values reported in Figure 22: the Au adatom diffusion energy Ed and the corresponding diffusion coefficient D calculated as D = (a2νd/4)exp[−Ed/kT] with a the graphene lattice parameter (0.14 nm) and νd the adatom attempt frequency (∼1012 s−1).


Figure 22. The calculated diffusion energy, Ed, and diffusion constant, D, of Au adatoms on various surfaces: graphite, hexagonal boron nitride (h-BN), single-layer graphene (SLG) on h-BN, SLG on SiO2, and bilayer graphene (BLG) on SiO2. Calculations using different critical sizes i are given in black (i = 1) and red (i = 2) curves for comparison. For graphite, Ed and D are assumed as 50 meV and 7 × 10−6 cm2 s−1, independent of critical size i. Reproduced from Reference [60] with permission from the American Chemical Society.
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On the basis of Figure 22 it is clear that the activation energy for the Au adatom diffusion process is higher on 1 L graphene on h-BN, 1 L and 2 L graphene on SiO2 than on graphite and bare h-BN. In addition, it is higher on 1 L graphene on SiO2 than on 2 L graphene on SiO2 which is, in turn, higher than 1 L graphene on h-BN.



Now, the question concerning why these differences are observed arises. In this sense, the authors, first of all, note that adatom diffusion is affected by the surface strains which is, in turn, related to the surface roughness. A compressive strain of the surface reduces the energy barrier for the adatom diffusion while a tensile strain tends to increase it. In its free-standing configuration, 1 L graphene displays ripples with about 1 nm height variation. In contrast, when supported and annealed on SiO2/Si substrates, graphene follows the local SiO2 roughness: the graphene−SiO2 van interaction energy is balanced by the elastic deformation energy of graphene with the consequent increase of the graphene roughness with respect to its free-standing configuration. The Atomic Force Microscopy measurements by Liu et al. [60] show that 1 L graphene on SiO2 presents a roughness 8 times higher than bulk graphite. On this rough graphene surface, there will be regions of both concave and convex curvature. The Au adatoms have, locally, different mobility on these different-curvature regions: within regions where they have a lower mobility then their nucleation in small clusters is favored with respect to defect-free graphite. A further aspect is that the energy barrier for the adatoms diffusion increases as the bonding strength of Au with the C atom increases: 2 L graphene is more stable than 1 L graphene due to the π bonding between the layers. In addition, the 2 L graphene has a lower roughness compared to 1 L graphene. Both factors should create weaker Au bonding and, thus, faster diffusion of the Au adatoms on 2 L graphene. About the diffusion of Au atoms on 1 L graphene on h-BN: according to the experimental data the mobility of the Au adatoms on 1 L graphene supported on h-BN should be higher than on 1 L graphene supported on a SiO2 substrate. However, the calculations in Figure 22 lead to the opposite conclusion which the authors impute to increased van der Waals forces between 1 L graphene and SiO2 with respect to 1 L graphene and h-BN. This condition should lead to the increased mobility of the Au adatoms on 1 L graphene supported on h-BN.






3. Thin Metal Films Deposition on Graphene and Nanoparticles Formation by Dewetting Processes


3.1. The Dewetting Process


Thin metal films deposited on a non-metal susbstrate are, generally, thermodinamically unstable. Then, if enough energy is furnished to the film so that atomic diffusion occurs, the system tends to minimize the total surface and interface energy: the result is the break-up of the film and the formation of spherical metal particles minimizing the total exposed surface [123,124,125,126,127,128,129,130]. The dewetting process starts in structural defects of the films: these are the locations in which holes in the film, reaching the underlaying substrate, nucleate. The holes grow with time and two or more holes join (i.e. coalesce) with the result of leaving the film in filaments structures. These filaments, then, being unstable, decay in spherical particles by a Raileigh-like instability process. The overall result is, so, the formation of an array of metal NPs. In a certain range, the mean size and mean spacing of the formed NPs can be controlled by the thickness of the deposited film or by the characteristic parameters of the process inducing the dewetting phenomenon such as the temperature or time of an annealing process [123,124,125,126,127,128,129,130]. The energetic budget needed to start the dewetting process of the film (i.e., to activate the atomic diffusion) can be furnished to the film by standard thermal annealing, or, alternatively, by laser, ion, electron beam irradiations. In addition, for metal films, the dewetting process can occur both in the solid or molten state.



Nowadays, in the nanotechnology working framework, the dewetting of ultrathin metal films on surface is routinely exploited to produce arrays of metal NPs on surfaces in view of technological applications [123,124,125,126,127,128,129,130] such as those based on plasmonic effects (Surface Enhanced Raman Scattering), magnetic recording, nanoelectronics, catalysis, etc.



Due to these peculiarities, the dewetting process was, also, exploited to produce, in a controlled way, metal NPs on graphene surface from deposited thin metal films. This approach is effective in the production of shape- and size-selected metal NPs on the graphene surface for some interesting applications involving, for example, the Surface Enhanced Raman Scattering of the NPs as modified by the interaction with the graphene layer.




3.2. Dewetting of Au Films on Graphene


Zhou et al. [68] investigated the possibility to produce and to control size, density and shape of Au NPs on graphene by the dewetting process of deposited thin films. So, after depositing the Au films, they performed annealing processes to induce the evolution of the films in NPs and, interestingly, they found that the shape, size and density of the obtained NPs can be controlled by the number of graphene layers and by the annealing temperature.



First of all, the authors [68] transferred n-layer graphene on a SiO2 substrate after having obtained the n-layer graphene by standard mechanical exfoliation. The number of the graphene layers on the SiO2 substrate was determined by crossing optical microscope and micro-Raman spectroscopy. After depositing (by thermal evaporation) thin Au films onto the n-layers graphene and onto the SiO2 surface as reference, annealing processes were performed in the 600 °C–900 °C temperature range for 2 h. Then the authors used Scanning Electron Microscopy analysis to study shape, size and density of the observed NPs as a function of the annealing temperature, thickness of the starting deposited Au film, number of graphene layers supporting the Au film. The following general considerations are drawn by the authors on the basis of the results of these analysis: firstly, if the annealing temperature is in the 600–700 °C range, then the Au film on n-layer graphenes can be tuned into hexagon-shaped Au NPs. Secondly, annealing at 800 °C produces, instead, coexistence of hexagonal and triangular Au NPs on graphenes. Thirdly, annealing at 900 °C produces irregular-shaped Au NPs on graphenes. Moreover, the density and size of the formed Au NPs on n-layer graphenes are strictly dependent on the number n of graphene layers. In particular, increasing n the NPs mean size increases and the NPs surface density decreases. As an example, Figure 23 reports Scanning Electron Microscopy images showing the dewetting of 2 nm-thick Au film into hexagonal Au NPs on graphene after thermal annealing at 700 °C for 2 h being the Au film supported directly on SiO2 (Figure 23a left) and on monolayer graphene (Figure 23a right), supported directly on SiO2 (Figure 23b left) and on bilayer graphene (Figure 23b right), supported directly on SiO2 (Figure 23c right) and on trilayer graphene (Figure 23c left), supported on bilayer graphene (Figure 23d left) and on four-layer graphene (Figure 23d right). It can be recognized that the size and density of hexagonal Au NPs is established by the number n of graphene layers. In fact, it is observed that the increase of n produces an increase of the the size of the Au NPs increases and a decrease of their surface density.


Figure 23. Scanning Electron Microscopy images showing the dewetting of Au films into hexagonal Au NPs on graphene after thermal annealing at 700 °C for 2 h. Film thickness: 2.0 nm. Scale bar: 200 nm. (a) Hexagonal Au NPs on SiO2 (left) and monolayer graphene (right); (b) Hexagonal Au NPs on SiO2 (left) and bilayer graphene (right); (c) Hexagonal Au NPs on trilayer graphene (left) and SiO2 (right); (d) Hexagonal Au NPs on bilayer (left) and four layer graphene (right). Reproduced from Reference [68] with permission from Elsevier.
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Another aspect is that the Au film dewetting process on the n-layer graphenes is thickness-dependent. The influence of the Au film thickness on the shape of the obtained Au NPs is described by the images in Figure 24: it presents Scanning Electron Microscopy images of 1 nm, 1.5 nm and 2 nm thick Au films on n-layers graphene and annealed at 600 °C for 2 h. With the increase of the Au film thickness, the effect of the graphene layers number on the shape of Au NPs becomes more and more weak. When film thickness is below 2.0 nm, after thermal annealing at 600 or 700 °C, almost all the Au NPs show hexagonal shape. Whereas for 5.0 nm Au film or more, although hexagon-shaped Au NPs still exist after annealing at 600 °C, the Au NPs are not well faceted.


Figure 24. Scanning Electron Microscopy images showing the effects of the starting thickness of the deposited Au film on the shape of the resulting NPs after the annealing process at 600 °C for 2 h. Scale bar: 200 nm. (a,b) 1.0 nm thick Au; (c,d) 1.5 nm thick Au; (e,f) 2.0 nm thick Au. It is obvious to find that with the increase of Au film thickness, the modulation becomes less effective. Reproduced from Reference [68] with permission from Elsevier.
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All these experimental data highlight the key role of the graphene layers number in determining size, density and shape of the Au NPs clearly indicates that n establishes the interaction strength between the graphene and the Au atoms affecting, as a consequence, the Au diffusivity and the final Au NPs morphology. To infer information on the parameters governing the Au NPs shape, size and density evolution, the authors [68] take into considerations the following main factors: the Au adatoms are weakly bonded with C atoms on graphene surface (interpreted as a physical adsorption rather than a chemical bonding) and the strength of this bonding is largely influenced by the number of graphene layers [101,102,103,104]. So, with the increase of layer number the inter-layer interaction strength decreases and, consequently, the interaction between Au adatoms and n-layer graphene becomes much weaker, resulting in the thickness-dependent particle size and density of Au NPs on graphenes by the different Au mobility on the graphenes. The surface diffusion of metal adatoms on graphenes can be described by these two equations: D∝exp(−Ea,n/kT) and N∝(1/D)1/3, being D the adatoms surface diffusion, N the NPs surface density, Ea,n the activation energy for the adatoms surface diffusion on n-layers graphene. Combining these two equations, the relation N∝exp (Ea,n/3kT) is obtained. So, Zhou et al. [68] conclude that the decrease of surface diffusion barrier with increasing the number of graphene layers n explains the observed experimental data: the diffusion coefficient establishing the diffusion length, determines the joining probability for the adatoms. Therefore, concerning the thermal annealing post-growth processes, it establishes the size and density of the formed NPs by the competition between nucleation and growth phenomena [69]. Therefore, different surface diffusion coefficients (by different activation energies Ea,n) of the Au adatoms on the n-layers graphene can result in n-dependent morphologies, sizes, and density of the Au NPs on n-layer graphenes. To support quantitatively these considerations, in a further study, Zhou et al. [69], proceeded to the quantification of the size and density of the Au NPs after the thermal treatment. In particular, the authors proceeded to the following experiment: after depositing a Au film on the SiO2 substrate, on 1-layer, 2-layers, 3-layers, and 4-layers graphene supported on the SiO2 substrate, the authors performed a 1260 °C-30 s annealing to obtain round-shaped Au NPs as shown in Figure 25a but with a different size and surface density N of the NPs on the basis of the number n of the graphene layers.


Figure 25. Morphologies, size, and density of Au nanoparticles on n-layer graphenes after annealing at 1260 °C in vacuum for 30 s (false-color image). Note that no Au NPs are found in the substrate. (a) Au NPs on monolayer, bilayer, and trilayer graphene, respectively; (b) Statistics of the size and density of gold nanoparticles on n-layer graphenes. Reproduced from Reference [69] with permission from the American Chemical Society.
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As reported in Figure 25b the authors quantified the size and the surface density of the Au NPs as a function of n. In particular, N versus n was analyzed by the N∝exp (Ea,n/3kT) relation. Although it is difficult to obtain the absolute value of barriers due to the lack of the pre-exponential factor, the authors were able in evaluate the barrier difference between n-layer graphene by the density ratios: Ea,1 − Ea,2 = 3kTln(N1/N2) = 504 ± 44 meV, and similarly, Ea,2 − Ea,3 = 291 ± 31 meV, Ea,3 − Ea,4 = 242 ± 22 meV.




3.3. Dewetting of Ag Films on Graphene


Zhou et al. [71] extended their work to the dewetting of Ag films on n-layers graphene. In this case, in addition, a detailed study of the Surface Enhanced Raman Scattering of the Ag NPs was also conducted. The authors deposited Ag films onto n-layer graphenes (supported on SiO2). In this case experiments were conducted maintaining the substrate temperature at 298, 333, and 373 K during the Ag depositions and Scanning Electron Microscopy images were used to study the morphology, size, surface density of the produced Ag NPs on the graphene layers as a function of the substrate temperature. In addition, also in this case, a strict dependence of the Ag NPs morphology, size and surface density on the number of graphene layers n supporting the Ag film was found. Similarly to Au, this was attributed by the authors to the changes in the surface diffusion coefficient of Ag on n-layer graphenes at different temperatures (the substrate temperature during Ag depositions, in this case). In addition, the authors observed that Raman scattering of n-layer graphenes is greatly enhanced by the presence of the Ag NPs. In particular, they found that the enhancement factors depend on the number n of graphene layers. Monolayer graphene has the largest enhancement factors, and the enhancement factors decrease with layer number increasing. Obviously, this is due to the specific structural characteristics of the Ag NPs as determined by n.



In particular, the authors [71] thermally evaporated 2 or 5 nm Ag films onto n-layer graphenes supported on the 300 nm-thick SiO2 layer grown on Si. During the Ag depositions, the substrate is kept at 298 K, or 333 K, or 373 K. On the basis of the substrate temperature and number of graphene layers, different shapes, sizes, and surface density are obtained for the resulting Ag NPs. As an example, Figure 26 reports Scanning Electron Microscopy images of 5 nm-thick Ag film deposited on SiO2, on 1-layer, and 2-layers graphene with the substrate kept at 298 K (a–b), 333 K (c–d), 373 K (e–f). The differences in the formed Ag NPs are just evident at 333 K: on one layer graphene, the density of Ag NPs larger than that on bilayer graphene, the NPs spacing is lower, but the NPs diameter are similar in the two samples. At 373 K these differences are enhanced: the Ad NPs present very different sizes, spacing, and surface density as a function of the number n of the graphene layers. For example, the NPs on monolayer graphene are much smaller than those on bilayer graphene.


Figure 26. Scanning Electron Microscopy images (1 μm scale bar) of monolayer and bilayer graphene on SiO2 after deposition of 5 nm Ag maintaining the substrate at different temperature during the deposition: (a,b) 298 K; (c,d) 333 K; (e,f) 373 K. Reproduced from Reference [71] with permission from the American Chemical Society.
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Then, using Raman spectroscopy, the authors found different Surface Enhanced Raman Spectroscopy (SERS) effects of Ag on n-layer graphenes [71], as summarized in Figure 27 and Figure 28. In Figure 27, the authors compare the enhancement effects of 2 and 5 nm Ag deposited at 298 K on the graphene samples. Raman spectra of n-layer graphenes with 5 nm are enhanced with respect to 2 nm Ag (and pristine graphene): the G and 2D bands are more intense. This can be attribute to the fact that the deposition of the 5 nm Ag leads to the formation of NPs with higher surface density and lower spacing with the result to increase the SERS hot spots number per unit area. As a consequence, the increased density of hot spots causes a higher electric filed localization and, so, higher enhancement factors. To further analyze the Raman scattering properties of the graphene supporting the Ag NPs, the authors measured the Raman spectra of n-layer graphenes supporting NPs obtained by the deposition of 5 nm-thick Ag maintaining the substrate at 298, 333, and 373 K, see Figure 28. A higher SERS enhancement factor is obtained from graphene covered by Ag NPs obtained by depositing 5 nm Ag maintaining the substrate at 333 K than at 298 K: in fact, at 333 K larger Ag NPs are obtained with the same spacing of those obtained at 298 K. However, when the 5 nm Ag film is deposited maintaining the substrate at 373 K, the particles are larger but, also, the NPs spacing increases, resulting in a decrease of the enhancement factor.


Figure 27. Raman spectra from monolayer and bilayer graphene on SiO2 having deposited on the graphene 2 or 5 nm Ag film. Reproduced from Reference [71] with permission from the American Chemical Society.
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Figure 28. Raman spectra of monolayer (a) and bilayer (b) graphene covered by 5 nm Ag deposited maintaining the substrate at 298 K (black line), 333 K (red line), and 373 K (blue line). Reproduced from Reference [71] with permission from the American Chemical Society.
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4. Some Considerations on the Electrical Behavior of Metal-Graphene Contacts


As discussed in the introductory section, metal NPs/graphene hybrid systems present properties which are exploited for applications in areas such as Surface Enhanced Raman Scattering (SERS), nanoelectronics, photovoltaics, catalysis, electrochemical sensing, hydrogen storage, etc. [17,18,19,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71]. All these applications, however, are connected to the specific interaction occurring at the metal NP/graphene interface because characteristics like metal adhesion and electrical contact properties are strongly influenced by the interface structure. In this sense, the theoretical and experimental study of the metal-graphene interface structure and how the metal contact influences the graphene electronic properties is an active field of study [75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113]. From a more general point of view, any application of graphene in building electronic devices requires the graphene contacting by metal layers and it is widely recognized that the metal-graphene interaction strongly influences the graphene electrical conduction properties being, often, a limiting factor in produce high-efficiency electronic devices. For example, several theoretical and experimental analysis suggest that the difference in the work functions of the metal and graphene leads to the charge transfer and doping of the graphene layer [101,102,103,104]. In general, to realize high-performance devices, it is very important to produce metallic contacts on graphene which show a very low contact resistance. In principle, an Ohmic contact is obtained without any difficulty by the contact of a metal with graphene layer due to the graphene lack of a band gap but it is concerned that a very small density of states (DOS) for graphene might suppress the current injection from the metal to graphene [78,107]. In general [107], a metal/metal contact has no potential barrier and the carrier is transferred directly through the metal/metal interface to cancel the difference in work functions. Since graphene has not band-gap, the case of the metal/graphene contact should be similar to the metal/metal contact. However, differently from the metal/metal contact, in the metal/graphene contact the effects of the very small DOS for graphene have to be considered: in particular, the amount of charge transfer gradually decreases from the metal/graphene interface. This charge transfer forms the dipole layer at the interface and the very small DOS around the Fermi level of graphene increases produces a high screening length. As a result of the long charge transfer region, a p–n junction arises near the metal/graphene contact. On the other hand, the graphene Fermi level position with respect to the conical point is strongly influenced by the adsorption of metal atoms on the graphene surface [101,102,103,104] causing the graphene doping. As a consequence, metal/graphene contacts show different electrical behaviors depending on the specific graphene doping induced by the peculiar contacting metal. As summarized in Table 4, theoretical calculations by Giovannetti et al. [101,102], for example, show that different metals, by their specific electronic interaction with graphene, causes different shifts of the graphene Fermi level with respect to the Dirac point: those metals (Au, Pt) which interacting with graphene causes the shift the graphene Fermi level below the Dirac point, are p-type doping the graphene. These are the metals which causes an increase of the free-standing graphene work-function (4.48 eV), see Table 4. Those metals (Ni, Co, Pd, Al, Ag, Cu) which interacting with graphene causes the shift the graphene Fermi level above the Dirac point, are n-type doping the graphene. These are the metals which causes a decrease of the free-standing graphene work-function, see Table 4.



Table 4. Results of the calculations of Giovannetti et al. for the electronic characteristics of metals/graphene contacts: deq equilibrium distance for the metal atom-graphene system, ΔE metal atom-graphene binding energy, WM metal work-function, W graphene work-function in the free-standing configuration (4.48 eV) and when in contact with the metal. Reproduced from Reference [102] with permission from the American Physical Society.
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So, it is clear, also from an experimental point of view, the importance to study the electrical characteristics of several metal-graphene systems. In this regard, an interesting analysis was reported by Watanabe et al. [105]: in this work the authors studied, experimentally, the contact resistance RC of several metals (Ti, Ag, Co, Cr, Fe, Ni, Pd) to graphene with the results summarized in Figure 29: it reports the contact resistance (the square marks the mean value for the specific metal) for several metal films deposited on graphene. It is interesting to note that is not strongly related to the metal work function. Instead, analyzing the microstructure of the deposited metal films, the authors conclude that the contact resistance is significantly affected by this microstructure (as determined by the deposition conditions) according to the pictorial scheme reported in Figure 30.


Figure 29. Metal-graphene contact resistance versus metal work-function. The square indicates the mean value. Reproduced from Reference [105] with permission from Elsevier.
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Figure 30. Schematic picture of metal contact to graphene. (a,b) indicate a schematic model of the metal/graphene junction for the large and small contact resistance values, respectively. The model shows that the contact resistance becomes smaller with increasing contact area between the metal grain and the graphene. Reproduced from Reference [105] with permission from Elsevier.
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Connecting the analysis on the contact resistance to the microstructure of the metal films, the authors draw the following conclusions: for the large contact resistance metals (Ag, Fe, and Cr) the films result to be formed by large grains and to present rough surfaces, while for the small contact resistance metals (Pd, Ni, Co) the films are formed by small grains and present uniform surfaces. The effects of these different situations are pictured in Figure 30: large grains and rough surface of a metal films lead to a small contact are between the metal and the graphene, resulting in high contact resistance; small grains and uniform surface of a metal film lead to a large contact are between the metal and the graphene, resulting in a low contact resistance. These results clearly indicate, as stressed throughout the entire paper, the importance of the control of the kinetics and thermodynamics nucleation and growth processes for metals deposited on graphene so to reach the optimum nano- and micro-scale structure/morphology of the growing films/NPs for specific functional applications.




5. Conclusions, Open Points, and Perspectives


The next developments for metal NPs/Graphene nanocomposites are conditioned to the atomic scale control of the fabrication of the metal NPs and optimization of the techniques for reaching the wide-range control of the nano-architecture. Nowadays, several properties and applications of metal NPs/Graphene nanocomposites have been explored. As a non-exhaustive synthesis, Table 5 reports some examples of the properties and technological applications for several metal NPs/graphene systems, ranging from sensing and biosensing to nanoelectronics, catalysis and solar devices [135,136,137,138,139].



Table 5. Table summarizing some specific metal NPs-graphene composite systems with the corresponding exploited properties and/or applications.







	
System

	
Property

	
Application

	
Reference






	
Au NPs/Graphene

	
Sensitivity Enhancement

	
Clinical Immunoassays

	
[31]




	
Pd NPs/Graphene

	
Electrochemical Activity

	
Glucose Biosensor

	
[32]




	
Ag NPs/Graphene

	
Raman Scattering Electrochemical activity

	
Surface Enhanced Raman scattering H2O2 Sensing Glucose Sensing

	
[35]




	
Pd NPs/Graphene

	
Electrical Conduction

	
Hydrogen Sensing

	
[36]




	
Ag NPs/Graphene

	
Thermal Conductivity

	
Thermal Interface Materials

	
[37]




	
Au NPs/Graphene

	
Localized Surface Plasmon Resonance

	
Flexible and Transparent Optoelectronics

	
[40]




	
Au, Pd, Pt NPs/Graphene

	
Electrochemical Activity

	
H2S Sensing

	
[41]




	
Pd NPs/Graphene

	
-

	
Heterogeneous Catalysis

	
[48]




	
Au NPs/Graphene

	
Plasmon Absorption

	
-

	
[51]




	
Au, Ag NPs/Graphene

	
Plasmonic Properties

	
Surface Enhanced Raman Spectroscopy

	
[52]




	
Au, Ag, Pd, Pt NPs/Graphene

	
Plasmonic Properties

	
Raman Spectroscopy

	
[53]




	
Ag NPs/Graphene

	
Plasmonic Properties

	
Surface Enhanced Raman Spectroscopy

	
[54]




	
Au, Co, Pd, Pt, Rh NPs/Graphene

	
-

	
Catalysis

	
[65]




	
Au NPs/Graphene

	
-

	
Surface Enhanced Raman Spectroscopy

	
[68]




	
Ag NPs/Graphene

	
-

	
Surface Enhanced Raman Spectroscopy

	
[71]




	
AuAg NPs/Graphene

	
Plasmonic properties

	
Solar Cell

	
[135]




	
Ag NPs/Graphene

	
Plasmonic properties

	
Photodetection

	
[136]




	
Al NPs/Graphene

	
Plasmonic properties

	
Solar Cell

	
[137]




	
Au NPs/Graphene

	
-

	
Catalysis

	
[138]




	
Ni NPs/Graphene

	
-

	
Photocatalysis

	
[139]




	
Pd NPs/Graphene

	
-

	
Hydrogen Storage

	
[140]




	
Pb NPs/Graphene

	
-

	
Thermoelectric Devices

	
[141]










Surely, new insights and perspectives are related to the nanoscale control of the spatial organization and shape of the NPs. In this sense, the use of techniques to self-assembly the metal NPs on the graphene in spatially ordered arrays will be the key approach. So, in general, the key step towards real engineering of the metal NPs/graphene nanocomposites is the development of methodologies to produce complex nanoscale architectures. Towards this end, the vapor-deposition based techniques can open new perspectives.



Fine control of the morphology of the metal NPs on graphene is also a very interesting challenge. By the possibility to grow a range of geometric shapes at the nanoscale, the production of complex-morphology metal NPs on graphene is an interesting area of research, especially with regard to the resulting plasmonic properties.



Another interesting point concerns the use of new metal NPs (with specific functionalities) in the mixing with graphene. Probably, alloys of metals and core-shell type NPs (Ag/Au, Au/Pd, Pd/Pt, Pt/Rh, Pt/Ru) could be very useful tool, particularly in information storage and biomedicine applications.



A recent field of investigation for metal NPs/graphene nanocomposites is that related to photocatalysis [140]. Towards this application, however, the key requirement is the development of procedures allowing the preparation of composites which are biocompatible, biodegradable, and non-toxic and assuring, also, the control of the NPs size and shape. Notably, the long-term efficiencies of the metal NPs/graphene in real photocatalytic applications composites represents an important practical issue to be resolved.



In the renewable energy production field, metal NPs-graphene composites are attracting great interest. The graphene can be used in a solar cell as a transparent conductive electrode and the metal NPs as plasmonic scattering elements [40,135,137]. Significant results have been already achieved. However, in addition solar cell devices, thermoelectric devices are attracting much attention [141].



Towards these perspectives and developments, the physical vapor deposition processes-based techniques to produce the metal NPs-graphene composites will acquire, surely, more and more importance due to their simplicity, versatility, and high throughput. For these reasons such techniques are, in perspective, the main candidates to be implemented in the industry market for the large-area production and commercialization of functional devices based on the metal NPs-graphene composites. Toward this end, the present paper highlighted the key importance of the understanding and controlling the microscopic thermodynamics and kinetics mechanisms involved in the nucleation and growth processes of atoms on/in graphene. So, crossed theoretical and experimental studies characterizing these mechanisms and quantifying the involved parameters such as adsorption energies, activation energies, diffusion constants, etc. will acquire more and more importance. In fact, the fine control of these parameters will allow the superior control on the morphological/structural characteristics of the composites and so, as a consequence, the tuning of all the physico-chemical properties of the composites for high-efficiency functional applications.
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